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ABSTRACT 



A method and apparatus for mineralizing organic contami- 
nants in water or air provides photochemical oxidation in a 
two-phase or three-phase boundary system formed in the 
pores of a Ti0 2 membrane in a photocatalytic reactor. In the 
three-phase system, gaseous (liquid) oxidant, liquid 
(gaseous) contaminant, and solid semiconductor photocata- 
lyst meet and engage in an efficient oxidation reaction. The 
porous membrane has pores which have a region wherein 
the meniscus of the liquid varies from the molecular diam- 
eter of water to that of a capillary tube resulting in a diffusion 
layer that is several orders of magnitude smaller than the 
closest known reactors. The photocatalytic reactor operates 
effectively at ambient temperature and low pressures. A 
packed -bed photoreactor using photocatalyst coated par- 
ticles is also provided. 

50 Claims, 9 Drawing Sheets 
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FIG. 5 
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PHOTOCATALYTIC OXIDATION OF 
ORGANICS USING A POROUS TITANIUM 
DIOXIDE MEMBRANE AND AN EFFICIENT 
OXIDANT 

BACKGROUND OF THE INVENTION 

This is a continuation of application Ser. No. 09/115,358 
filed on Jul. 14, 1998, now U.S. Pat. No. 6,136,186, which 
is a continuation-in-part of application Ser. No. 08/791,599 
filed on Jan. 31, 1997, now U.S. Pat. No. 5,779,912. 

1. Field of the Invention 

This invention relates to decontamination of water or air, 
more specifically to a photocatalytic reactor and method for 
oxidizing organic pollutants in contaminated water or air. 

2. Background of the Related Art 

Several technologies have been used in the past to remove 
or annihilate organic contaminants found in hazardous 
chemical waters, wastewaters, and polluted gases. Some 
destructive techniques, e.g., chlorinalion, use strong oxi- 
dants that are themselves hazardous. On the other hand, the 
predominant non-destructive technologies currently in use 
have serious drawbacks: air stripping converts a liquid 
contamination problem into an air pollution problem, and 
carbon adsorption produces a hazardous solid which must be 
disposed. Thus, conventional methods for organic contami- 
nant disposal must be replaced with procedures having 
minimal environmental impact. 

Advanced oxidation processes (AOPs) are one example of 
an environmentally friendly approach for treating organic 
contaminants. AOPs usually involve treatment of the con- 
taminant with ultraviolet light (UV), chemical oxidation, or 
both. AOPs are destructive processes in which the target 
organic compounds may be fully oxidized (i.e., mineralized) 
to relatively innocuous end products such as carbon dioxide, 
water, and inorganic salts. Because AOPs do not leave any 
residual contaminants requiring additional treatment, these 
processes are well suited for destruction of organic pollut- 
ants. Therefore, the development of effective AOPs is impor- 
tant. 

Typical AOPs rely on the generation of hydroxyl radicals 
(OH*) to degrade organic contaminants. The rapid, non- 
selective reactivity of OH" radicals (one of the most reactive 
free radicals and strongest oxidants) allows them to act as 
initiators of oxidative degradation. Common AOPs such as 
H 2 0 2 /UV, 03/UV,and H 2 0 2 /C>3/UV involve UV photolysis 
of 0 3 , H 2 0 2 , or both to generate OH" radicals. In the 
photocatalytic oxidation, Ti0 2 /UV, a titanium dioxide semi- 
conductor absorbs UV light and generates OH" radicals 
mainly from adsorbed water or OH" ions. The overall 
process taking place in the photocatalytic mineralization of 
organic pollutants at a semiconductor (sc) surface can be 
summarized by the following reaction: 



oi gan^c pollutant -«■ O2 



hv 



C0 2 + HjO + mineral acids 



where hv represents photons with an energy equal to or 
higher than the band gap energy of the semiconductor. 

Semiconductor photocatalysis has been used to mineral- 
ize most types of organic compounds such as alkanes, 
alkeces, haloalkanes, haloalkenes, aromatics, alcohols, 
haloaromatics, haloalcobols, acids, polymers, surfactants, 
nilroaromatic, dyes, pesticides, and explosives. The suscep- 
tibility of such a wide variety of compounds to treatment in 



this fashion, makes photocatalytic degradation a particularly 
attractive process for air purification and wastewater treat- 
ment. 

Under illumination, electrons (e + ) and holes (h~) are 
usually generated in the space charge region of the semi- 
conductor as shown in the following equation: 
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sc+hv— »h* VB +c ~ CB 



(2) 



Under proper conditions, the photoexcited electrons (in 
the conduction band, CB, of the semiconductor) and pho- 
toexcited holes (in the valence band, VB, of the 
semiconductor) can be made available for redox reactions. 
r lTie photogenerated holes in the VB must be sufficiently 
positive to carry out the oxidation of adsorbed OH" ions or 
H 2 0 molecules to produce OH" radicals (the oxidative 
agents in the degradation of organics) according to the 
following reactions: 



20 



hVs+oH-^-otr^ 



(3) 
(4) 

The photogenerated electron usually reacts with oxygen 
according to the following reaction: 



25 



(5) 



In most cases, the semiconductor can undergo oxidative 
decomposition by the photo-generated holes. It is generally 
found that only n-type semiconducting oxides are photo- 
stable towards photoanodic corrosion, although such oxides 
usually have band gaps which absorb only UV light. Thus, 
a desirable semiconductor suitable for reaction 1 will be: (i) 
photoactive; (ii) able to use visible and/or near UV; (iii) 
biological or chemical inert to agents to be treated; (iv) 
photostable; (v) inexpensive; and (vi) able to produce OH" 
radicals, for example, as in, Eq. 3 & 4. 

Ti0 2 and SrTi0 3 satisfy the energy demand for reactions 
(3) or (4) and (5). Among the different semiconductors 
tested, Ti0 2 is the most efficient photocatalyst for reaction 
(1). Ti0 2 is effective not only in aqueous solution but also 
in non-aqueous solvents and in the gas phase. It is 
inexpensive, photostable, insoluble under most conditions, 
and non-toxic. Thus, Ti0 2 has proven to be the semicon- 
ductor of choice for photomineralization of organic pollut- 
ants. 

In the photocatalytic oxidation of organics in aqueous 
solution, it has been shown that 0 2 reduction at the Ti0 2 
surface is the rate determining step. This limitation can be 
overcome by the use of a porous Ti0 2 ceramic membrane, 
i.e., a "three phase" boundary system where the reactarits are 
delivered to the reaction site as disclosed in co-pending U.S. 
patent application Ser. No. 08/791,599, filed Jan. 31, 1997, 
and incorporated by reference herein. However, enhance- 
ment of the photcatalytic reaction by assisting the oxidation/ 
reduction reactions that lake place on the H0 2 surface 
would be highly desirable. 

Another disadvantage of conventional AOPs, such as 
Oj/UV and H 2 0 2 /UV, or their combination, is that they 
cannot utilize abundant solar fight as the source of UV light 
because the required UV energy for the photolysis of the 
oxidizer is not available in the solar spectrum. Furthermore, 
some AOPs are efficient in mineralizing organic pollutants 
but exhibit slow kinetics, e.g., Ti0 2 /UV and H 2 0 2 /UV, while 
others exhibit much faster kinetics, but lower degree of 
mineralization, e.g., O3/UV. Similarly, a limitation on the . 
use of 0 3 in water treatments is the generation and mass 
transfer of sufficient 0 3 through the water to efficiently 
oxidize the organic contaminant. 
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Another type of AOP is the packed-bed photoreactor. organic contaminants. The process and apparatus allow the 
Traditional designs of packed-bed photoreactors are based use of sunlight or artificial light, such as inexpensive low 
on the use of annular reactors filled with a photoreactive power UV lamps, as the source of UV illumination directed 
material such as glass particles coated with Ti0 2 . The light onto the semiconductor photocatalyst surface, 
source is placed either in the middle of the reactor (i.e., 5 i n a fi rs t three-phase system, a gaseous oxidant (such as 
internal illumination) or outside of the reactor (i.e., external ozone, oxygen or a combination thereof), a liquid containing 
illumination). The internal illumination reactor is more organic components, and a porous, solid semiconductor 
compact than the external illumination reactor. However, photocatalyst converge and engage in an efficient oxidation 
light intensity per unit area decreases quickly with distance reaction. Similarly in a second three-phase system, a gas 
from the light source because of the absorption of light by 10 containing organic components, a liquid oxidant, and a 
Ti0 2 (Beer's law), but also because the farther from the light porous solid semiconductor photocatalyst converge and 
source, more active area needs to be illuminated. On the engage in an efficient oxidation reaction. In either three- 
other hand, external illumination allows for the concentra- phase system, the pores of the solid semiconductor photo- 
tion of more light per unit area. However, the thickness of catalyst have a region wherein the liquid phase forms a 
annular photoreactors is limited by the UV penetration due 15 meniscus that varies from the molecular diameter of water to 
to its absorption by the Ti0 2 photocatalyst. Thus, in annular mal 0 f a capillary tube resulting in a diffusion layer that is 
photoreactors, the amount of photocatalyst that can be several orders of magnitude smaller than diffusion layers in 
packed is limited, i.e., only the length can be varied. the closest known reactors. Optionally, the process and 
Therefore, in order to achieve good convection and appro- apparatus may be enhanced by allowing the use of sunlight 
priate retention times, the annular photoreactor may require 20 or artificial light, such as inexpensive low power UV lamps, 
the use of long tubes and long UV lamps, and the length is as a source of UV illumination directed onto the semicon- 
limited by the pressure drop the reactor can sustain. These ductor photocatalyst surface. Furthermore, generation of 
limitations, create a system that can be very bulky. QH* radicals can be enhanced by photolysis of the oxidant 

One problem with conventional photoreactors is that the (0 3 or HjO^ by using UV lamps with a broader UV 

amount of dissolved oxygen (or any other oxidant) in the 25 spectrum that that used in conventional AOPs. 

water is very low compared to the amount of oxygen needed wjth ^ small diffusion , the oxidam wilhin ^ 

to photomineralize organic molecules to C0 2 and water. ln hase syslem simultaneously functions as (i) an elec- 

Thus, conventional photoreactors can only be used for water ^ Qf at ^ surface of ^ TiQ membrane in the 

polishing systems, for example where the initial concentra- hotocatalytic oxidation 0 f organic contaminants, and (ii) an 

tion of organic molecules in the water is approximately 1 30 Qxidant tQ be photolyzed m the Q^y (or H 2 0 2 /UV) 

ppm or less. reaction if proper UV illumination is used (i.e., wavelengths 

Therefore, there is a need for an improved AOP that bdow 3Q0 nm> preferably between about 220 and 280 nm). 

provides efficient oxidation of organics in process water, Tfae pnotocalalytic reactor efficiently mineralizes a variety 

contaminated ground water, polishing water systems, or of [q mMminams al ambienl temperature and low 

polluted air. There is also a need for an AOP capable of 35 pressures 

utilizing UV light in the solar spectrum. In addition, there is <■ . • 

a need for compact packed-bed reactors that are not limited ^° ,h " ^^pdiment of the present uwenuon uses a 

by length and pressure requirements. It would be desirable P acked * d photoreactor and multiple ways to mtroduce the 

if the process was cost effective, easy to operate, relatively . 0X, ^ Dl mt0 , ,he reaC f t0f - ™°/ e /f °' c ° ntains a substrate w »h 

fast, and capable of achieving total mineralization. 40 a photocatalyt.c surfacs, a fluid cell in communication with 

This invention was made with Government support under lhe photocatalytic surface of the substrate and a UV hght 

contract DAAH04-95-C-0019 awarded by the Army. The , Uke ,hat described above. The fluid cell has an 

„ Mt . „ • • • ... • ultraviolet transmission surface positioned to expose the 

Government has certam rights in this invention. . , . _ , . . r t . . _ , r 

photocatalytic surface to ultraviolet hght. The substrate can 

SUMMARY OF THE INVENTION ^ be silica beads which are coated with a photocatalyst such as 

The present invention combines a porous semiconductor titanium. The beads are packed into the reactor, preferably 

material on a porous substrate with UV illumination (either around dividers that act as flow fields so that the fluids 

from solar light or a UV lamp) and an efficient oxidant, such (contaminant and oxidant) flowing through the reactor are 

as electrochemically generated ozone (0 3 ), hydrogen per- 001 onJ y mixed but lhe y CODlact the photocatalytic surfaces 

oxide (H 2 0 2 ) or oxygen (0 2 ), in a method and apparatus for 50 on lhe Deads - 

oxidizing organics in water or in air. The invention includes The packed bed photoreactor provides greater surface 

a process and apparatus wherein efficient photocatalytic area contact with contaminants thus is able to treat larger 

oxidation occurs in either a two-phase or three-phase bound- volumes of contaminated fluid. The design is more compact 

ary system formed in the pores of a Ti0 2 membrane dis- than cylindrical reactors and is capable of maintaining a 

posu J in a photocatalytic reactor. 55 saturation value of oxygen (or other oxidant) throughout the 

In a first two-phase system, a contaminated gas stream reactor, which promotes greater contact between the con- 

(such as air) is passed over a solid, porous semiconductor laminated fluid and the photoactive surface and subsequent 

photocatalyst and a gaseous oxidant (such as ozone, oxygen oxidation of the contaminants, 

or a combination thereof) is provided to the porous photo- DESCRIPTION OF THE DRAWINGS 

catalyst. In a second two-phase system, a contaminated 60 

water stream is passed over a solid, porous semiconductor So that the above recited features and advantages of the 
photocatalyst and a liquid oxidant (such as aqueous hydro- present invention can be understood in detail, a more par- 
gen peroxide) is provided to the porous photocatalyst. In ticular description of the invention, briefly summarized 
either two-phase system, the oxidant and contaminant above, may be had by reference to the embodiments thereof 
sources are delivered over opposing sides of the porous 65 which are illustrated in the appended drawings. It is to be 
photocatalyst and contact each other adjacent the solid UV noted, however, that the appended drawings illustrate only 
illuminated photocatalyst surface to provide oxidation of the typical embodiments of this invention and are therefore. not 
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to be considered limiting of its scope, for the invention may sufficiently porous to pass an oxidant therethrough, can 

admit to other equally effective embodiments. provide physical support for the photocatalyst material and 

FIG. 1 is a schematic diagram of a photocatalytic reactor * resistant to oxidation. For example, the substrate could be 

which combines UV light, oxidant, and a TiO, semiconduc- made ^ om a P°, rous me,al - P° rous carb 2? or S ra P hil *> a 

tor membrane in a three-phase reaction zone' to efficientlv 5 sintered porous glass or a porous ceramic. The photocatalyst 

mineralize organics in water, such as process water, con- ™V , be a PP' ied «? .** P° ro, f subs,r f ^ " ean ? 

* . .... . including: (1) applying a solution or slurry with a brush 

laminated ground water, polishing water systems or potable fol , owe( f ^ ^f e F ri £ g . B (2) formiDg , ^l-gd, applying the 

wa er ' sol-gel by spraying, dipping, or spin coating, then drying and 

FIG. 1A is a schematic diagram of a section of the reactor curing; (3) vacuum deposition processes, such as chemical 

of FIG. 1 showing details of the reaction zone; 1 vapor deposition and physical vapor deposition; or (4) 

FIG. 2 is a schematic diagram of the photocatalytic electrochemical oxidation of a porous metal in an acid 

reactor of FIG. 1 connected to a depolarized oxidant source solution. The term "porous" as used in reference to the 

and a water reservoir, photocatalyst surface is intended to include any photocata- 

FIG. 3 is a schematic diagram of a pore in the semicon- 15 lvst surface having passages therethrough for the oxidant, 

ductor membrane of the reactor of FIG 1- Therefore, the photocatalyst layer itself may be porous or, 

FIG. 4 is a schematic diagram of a photocatalytic reactor conv f rs f ^ th * Photocatalyst may be a dense layer that 

panel which combines solar UV light, oxidant, and a TiO, s f! ply l « SUbStralC °? n ' Theorel,ca11 ^ 

semiconductor membrane in a three-phase reaction zone to lf lhe photocatalyst had sufficient strength and appropriate 

efficiently mineralize organics in water, such as process 20 P ore size ' lhe Porous substrate would not be necessary, 

water, contaminated ground water, polishing water systems ,n a Preferred embodiment, the photocatalytic surface has 

or potable water metal catalyst particles disposed therein. The metal catalyst 

a a * u « - c A . r , can be a metal, metal oxide, or metal alloy, such as such as 

FIG. 4A is a schematic diagram of a section of the reactor ~ . . ' \ . T „ „ J \~ w „ ~ 

c nr* a u i • i r t . • Pt group metals, Au group metals, Ir, Ru, Sn, Os, Mo, Zr, Cu, 

of FIG. 4 showing details of the reaction zone; xiu nu n. c n. xm n. n kt- n n. m n. t 

& 2<5 Nb, Rh, Pt — Sn, Pt — Mo, Pt — Ru, Ni — Zr, Pt — Rh, Pt — Ir, 

FIG. 5 is a schematic diagram of an array of the photo- z p t Ru w p t Ru q s p t Ru Sn p t Ni T j 

catalytic reactor panels of FIG. 4 connected in parallel to a Pl _ Ni _ Zr / p^_ N i_Mk platinum group* metal oxides! 

portable oxidant source and a groundwater treatment sys- gold group metal oxides> tin oxides> tungslen oxides , 

lem ' oxides, rhodium oxides, ruthenium oxides and mixtures 

FIG. 6 is a schematic diagram of an ozone source having 3Q thereof. The preferred metal, catalyst concentration is 

electrolytic cells for producing ozone under pressure; between about 0.01 wt % and about 5 wt % metal catalyst. 

FIG. 7 is a schematic diagram of the ozone source of FIG. The contaminated fluid is delivered over the photocatalyst 

6 included in a self -controlled apparatus which operates with surface through a fluid cell adjacent the porous photocatalyst 

sources of electricity and distilled water; surface, wherein the fluid compartment or cell comprises a 

FIG. 8 is a schematic diagram of a packed bed photore- 35 A^d inlet, a fluid outlet and a UV transmission surface 

actor; positioned to expose the porous photocatalyst surface. The 

FIG. 9 is a schematic diagram of a array of the photore- oxidant is delivered to the second side of the porous sub- 
actors of FIG. 8 with the flow fields removed; strate lhrou & h an 0XldaDt compartment or cell adjacent the 

n^> in- . • ■ « c * j t_ j i_ » porous substrate, wherein the oxidant cell comprises au 

FIG. 10 is a schematic diagram of a packed bed photo- i , . 

, . -j . ii j 40 oxidant inlet. In order to operate the apparatus, an oxidant 

reactor having an oxidant cell; and w . . . , r . , t ... . 

& source is connected to the oxidant inlet, and an organic 

FIG. 11 is a schematic diagram of an array of the contaminant source (such as water or air containing organic 

photoreactors of FIG. 10. compounds) is connected to the fluid inlet. During operation, 

FIG. 12 is a schematic diagram of a packed bed photo- a TjV source provides UV light through the UV transmission 

reactor having multiple oxidant chambers. 45 surface and onto the porous photocatalyst surface. 

DETAILED DESCRIPTION OF THE ' n one ^P 64 -* °^ *he invention, methods are provided for 

INVENTION oxidizing organics in two-phase systems. A first two-phase 

system is provided in which a contaminated gas stream 

The present invention provides a process and apparatus (such as air) is passed over a solid, porous semiconductor 

for efficient photocatalytic oxidation of organic compounds 50 photocatalyst and a gaseous oxidant (such as ozone, oxygen 

in a unique two-phase or three-phase reaction zone formed 0 r a combination thereof) is provided to the porous photo- 

in the pores of a substrate having a porous photocatalytic catalyst. In a second two-phase system, a contaminated 

surface. The photocatalytic surface is preferably TiO, or a water stream is passed over a solid, porous semiconductor 

binary oxide selected from Ti0 2 /Si0 2 , Ti0 2 /Zr0 2 , Ti0 2 / photocatalyst and a liquid oxidant (such as aqueous hydro- 

Sn0 2 , Ti0 2 AV0 3 , and Ti0 2 /Mo0 3 . 55 g en peroxide) is provided to the porous photocatalyst. In 

The apparatus of the invention oxidizes organic contami- either two-phase system, the oxidant and contaminant 

nants by combining a semiconductor photocatalyst surface, sources are delivered over opposing sides of the porous 

an oxidant source and a UV source directed onto the photocatalyst and contact each other adjacent the solid UV 

photccatalyst surface. The fluid (liquid or gas) containing illuminated photocatalyst surface to provide oxidation of the 

organic contaminants is delivered over a first side of the 60 organic contaminants. 

poious substrate having a photocatalytic surface and the In another aspect of the invention, methods are provided 

oxidant (liquid or gas) is delivered through a second side of for oxidizing organics in three-phase systems. In a first 

the porous substrate to the first side of the photocatalyst three-phase system, a gaseous oxidant (such as ozone, 

surface where it contacts the contaminated fluid. oxygen or a combination thereof), a liquid containing 

The photocatalyst surface is preferably a porous titanium 65 organic components, and a porous, solid semiconductor 

dioxide layer or surface formed on a porous substrate. The photocatalyst converge and engage in an efficient oxidation 

substrate may be made from virtually any material that is reaction. Similarly in a second three-phase system, a gas 
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containing organic components, a liquid oxidant, and a based on the Ti0 2 loading on the supporting particles (e.g., 
porous solid semiconductor photocatalyst converge and a higher percentage of catalyst on the supporting material 
engage in an efficient oxidation reaction. In either three- will reduce light penetration, thus requiring a thinner 
phase system, the pores of the solid semiconductor photo- reactor). The walls of the reactor are preferably made of a 
catalyst have a region wherein the meniscus of the liquid 5 material that transmits UV light (preferably between 300 
phase varies from the molecular diameter of water to that of and 370 nm )> such 35 PLEXIGLAS® or quartz. The reactor 
a capillary tube resulting in a diffusion layer that is several ma y also inc,ude didders for directing the fluid flow so that 
orders of magnitude smaller than diffusion lavers in the lhe oxidant/contaminant mix contacts most of the photo- 
closest known reactors. The gaseous oxidant source prefer- calalvsl surface. The space between the dividers in the 
ably provides ozone. The preferred source of ozone is an 10 P acked bed photoreactor is typically filled with a support 
electrolytic cell which generates an oxidant stream compris- structure such as a glass or silica beads coated with a 
ing greater than about 10%, by weight of ozone. Such photocatalytic material such as Ti0 2 . 
electrolytic cells, including depolarizing electrolytic cells, External illumination is used to photoexcite the Ti0 2 . 
are described in U.S. Pat. No. 5,460,705 which description Light sources can be arranged between two packed-bed 
is incorporated by reference herein. A fully self-controlled is photoreactors placed parallel with one another, 
electrolytic cell is most preferred for use at remote locations Alternatively, the light source can be built to follow the 
such as a groundwater treatment facility. shape of the flow field. Oxidants may be gases (e.g., oxygen 
Tne UV source is preferably sunlight which enables a low and ™) or liquids (e.g. hydrogen peroxide) The con- 
cost apparatus that mineralizes low concentrations of organ- ^mated fluid may be liquid (e.g., contaminated water) or 
ics in water, such as process water or groundwater, or in air. 20 gas (e.g., contammated air) The packed-bed reactors can 
The UV source can also be an inexpensive low power UV work m series with the fluid leaving one reactor and entering 
lamp and the UV transmission surface of the fluid cell can a subsequent reactor or in parallel. 

be a UV transmission surface of the U V lamp. In addition, In another as P ect of the P resenl invention a planar packed- 

the UV source can also be a UV lamp with a broader UV bed photoreactor is provided with a fluid cell having pho- 

spectrum, as used in conventional AOPs, and the UV trans- 25 tocatalyst coated particles for treating a contaminant fluid 

mission surface of the fluid cell can be a U V transmission and aD oxidant cell or compartment adjacent to the fluid cell, 

surface of the UV lamp. It is also possible to transmit or An interface exists between the fluid cell and the oxidant cell 

deliver the UV light to the photocatalyst through various lhat can be made of a P orous material, such as ceramic or 

means or conduits, such as a fiber optic cable. metal sheets - ^ oxidant flows from the oxidant cell 

* - , . . . . , 30 through the porous interface to the fluid cell and may be 

In a preferred embodiment, the invention provides an . ~ . , r . m . . . £ . 4| _ r. 

* c .... . r . . regulated by maintaining a specific pressure in the oxidant 

apparatus for oxidizing organic contaminants, comprising a , , ~, ' . ° .j , , „ r 1 , , . ....... 

vr , • . . . ' n cell. The pressure in the oxidant cell also acts to inhibit the 

porous substrate having a porous photocatalyst surface; a n r ., r . . a . , . t . . , t „ - , 

a „ ,. * lc .i_ a -j flow of the contaminant fluid into the oxidant cell. Dividers 

fluid cell adjacent the porous photocatalyst surface, the fluid .... a .u u • * j • ,u 

„ /. tt^/ . ■ • e j * mat create a serpentine flow path, can be incorporated in the 

cell comprising a UV transmission surface positioned to a ., „ . r , * i_ »_ .u • 

. r & , _ A . A e rm . « . « , 35 fluid cell to assure adequate contact between the contami- 

expose the porous photocatalyst surface, a fluid inlet and a . „ . , , . , ; . . . . „ . , . 

a ., L . : , r . , ' „ ' , tl _ nant fluid and the photocatalyst as the fluid traverses the 

fluid outlet; and an oxidant cell adjacent the porous ^ , „ J t . . 

, A ' . , A mm • ^ dividers. The oxidant cell may also contam dividers. The 

substrate, the oxidant cell comprising an oxidant inlet. . 4 t . . . . ' . . , ... 

r to photocatalyst can be supported on glass particles or silica 

Another aspect of the invention provides a packed-bed gel> ^ described above, and these particles preferably are 

photoreactor in a generally flat configuration to improve the 4Q disposed m lhe space between the dividers. Ideally, the 

contact time between the photocatalyst and the contaminant preS sure in the oxidant cell is regulated such that the oxidant 

as compared to annular reactors having the same fluid passes {m . oug h m t0 me fluid cell and the contaminant does 

volume. The photocatalyst can be supported on particles not pass int0 the oxidant cell. Oxidant cells and packed-bed 

(e.g., glass particles or silica gel), where the particles fill the fluid ^ ^ arranged in parallel and a row of UV lamps 

inside of the planar photoreactor, or on a porous substrate. 4$ ( having a wavelength preferably between 300 and 370 run), 

The oxidant (e.g., oxygen, ozone or hydrogen peroxide) can may 5e placed belween the pack ed-bed chambers, 

be mixed with the contaminant fluid through a set of valves Alternatively, a single oxidant cell with two porous walls 

before or upon entering the photoreactor and the photore- can be placed in ^tween two fluid cells for supplying 

actor is exposed to UV light through a UV transmission oxidant simultaneously to two separate fluid cells, reducing 

surface. An example of a photocatalyst deposited on 5Q the number of oxidant cells needed. The packed-bed cham- 

particles, as well as a method of making the coated particles, bers ^ work m ^ fluid leaving one reactor and 

can be found in U.S. Pat. No. 5,501,801 to Zhang et al., entering a subsequent reactor or in parallel. A manifold may 

which description is incorporated by reference herein. be conoec ted to the fluid inlets of each reactor for delivering 

Preferably, the photocatalytic surface has metal catalyst fluid to the reactors in parallel. Likewise, a manifold can be 

particles disposed therein. The metal catalyst can be a metal, 55 connected to the outlets for fluid removal, 

metal oxide, or metal alloy, such as 1*1 group metals, Au | D another aspect of the present invention, the packed bed 

group metals, Ir, Ru, Sn, Os, Mo, Zr, Ni, Nb, Rh, Pt^Sn, photoreactor with an oxidant cell described above may be 

Pt— Mo, Pt— Ru, Ni— Zr, Pt— Rh, Pt — Ir, Pt— Ru— W, used y^fa a photocatalyst supported directly on the porous 

p t — .Ru— Os, Pt— Ru— Sn, Pt— Ni— Ti, Pt— Ni— Zr, interface such that the porous surface of the interface is 

Pt— Ni— Nb, Pt group oxides, gold group oxides, Sn0 2 , 60 adjacent to the oxidant ceU and the photocatalytic surface Is 

W0 3 , lr0 2 , Rh 2 0 3 , Ru0 2 and mixtures thereof. The metal adjacent to the fluid cell. The fluid cell and/or the oxidant 

catalyst on the semiconductor surface, is believed to enhance ce n mav bave dividers creating a serpentine flow path to 

either or both the electron and hole transfer reactions. maximize the surface area contact between the photocatalyst 

The thickness of each reactor can be as small as a few and the contaminant, as well as between the oxidant and the 

millimeters, in order for the light to penetrate and photoex- 65 porous substrate. Ideally, the pressure in the oxidant cell is 

cite the majority of the photocatalytic surfaces contained in regulated such that the oxidant reaches the porous pholo- 

the reactor. Thickness of the reactor may be determined catalytic surface, but does not pass through into the fluid cell 
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and the contaminant does not pass into the oxidant cell. The 
oxidation of contaminants takes place at the interface 
between the photocatalyst coated surface, the contaminant, 
and the oxidant. A single oxidant cell may be used to provide 
oxidant for two opposing fluid cells. Likewise, one row of 5 
UV lamps can be used to photoexcite two opposing fluid 
cells. 

In yet another aspect of the present invention, the packed 
bed reactor may employ a small oxidant chamber that 
supplies the oxidant through one wall at one or more ends of 10 
the reactor. The position of the oxidant chamber at one or 
more ends of the reactor does not block access of the light 
to the packed bed chamber, and therefore, both sides of the 
photoreactor can be illuminated. The common wall between 
the oxidant chamber and the packed-bed chamber is made of 15 
a porous material like that described previously. The con- 
tinuous delivery of the oxidant to the packed bed chamber 
through the porous wall is controlled by the pressure at the 
oxidant inlet. As an alternative, two oxidant chambers can be 
positioned at the opposite ends of the packed-bed reactor. 20 
This design allows for proper oxidant concentration within 
the reactor so that the photomineralization of the organic 
contaminants can be completed. Oxidant is continuously 
supplied through one porous wall of the packed-bed photo- 
reactor and contacts the photocatalyst coated particles dis- 25 
posed within the reactor. The contaminated fluid inlet can 
traverse the oxidant cell (without introducing contaminated 
fluid into the oxidant cell), or alternatively, it can be placed 
on another wall of the packed-bed chamber. In either case, 
the contaminated fluid does not enter the oxidant chamber. 30 

FIG. 1 is a schematic diagram of a photocatalytic reactor 
10 which utilizes UV light, oxidant, and a Ti0 2 semicon- 
ductor membrane in a three-phase reaction zone to effi- 
ciently mineralize organics in water, such as process water, 
contaminated ground water, polishing water systems or 35 
potable water. This reactor uses an inexpensive low power 
UV lamp 20 to supply UV light to mineralize the organic 
contaminants. The photocatalytic reactor 10 also includes an 
impermeable outer cylinder 12 of any suitable material and 
a permeable inner cylinder 14 which comprises a porous 40 
substrate material 16 (See FIG. 1A) that is coated on the 
inside with a porous photocatalyst surface 18. The porous 
substrate material 16 and the porous photocatalyst surface 
18 may be produced by a method described in U.S. Pat. No. 
5,137,607, column 3, line 58, to column 4, line 55, which 45 
description is incorporated by reference herein. A UV lamp 
20 is mounted at a first end 22 through the outer cylinder 12 
and at a second end 24 through a fluid jet 26 which is 
mounted through the outer cylinder 12 and has a fluid inlet 
28. 50 

The inner cylinder 14 is mounted within the outer cylinder 
12 to form an annular oxidant cell 30 having an oxidant inlet 
32. The oxidant cell 30 does not have a similar oxidant outlet 
since oxidants introduced into the oxidant cell 30 pass 
through the porous material 16 which is adjacent the oxidant 55 
cell 30. The oxidants further pass through the porous pho- 
tocatalyst surface 18 which is adjacent a fluid cell 34. The 
fluid cell comprises the fluid inlet 28, the fluid jet 26 which 
directs the fluid toward the porous photocatalyst surface 18, 
and a fluid outlet 36. The fluid jet 26 preferably has a 60 
plurality of centrifugal jets 38 drilled obliquely through the 
fluid jet 26 for directing the fluid toward the porous photo- 
catalyst surface 18. 

FIG. 2 is a schematic diagram of the photocatalytic 
reactor of FIG. 1 connected to a oxidant source and a water 65 
reservoir. The oxidant inlet 32 is connected to an ozone 
source 40 which is preferably a depolarizing electrolytic cell 
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having a cathode 42, an anode 44, and optionally a proton 
exchange membrane 46 to convert water to an oxygen 
stream having greater than about 10% by weight of ozone. 
A depolarizing electrolytic cell is described in U.S. Pat. No. 
5,460,705 which description is incorporated by reference 
herein. A gas pressure regulator 48 controls the delivery of 
ozone gas to the photocatalytic reactor 10. 

The fluid inlet 28 is connected by pipes or tubing 50 to a 
reservoir containing the organic contaminant such as a 
storage tank 52. For a small fluid cell 34, the fluid outlet 36 
may return the fluid to the storage tank 52 for recycling 
using pipes or tubing 54. A valve 56 diverts the fluid to a 
discharge pipe or tube 58 for analysis of the remaining 
amount of the organic contaminant. The performance of the 
photocatalytic reactor 10 may be checked by liquid 
chromatography, mass spectroscopy, total organic analysis, 
or gas chromatography. In order to mineralize a given 
amount of the organic contaminant in a single pass through 
the photocatalytic reactor 10, the size of the reactor can be 
increased or a plurality of small reactors can be connected in 
series or in parallel. 

FIG. 1A is a schematic diagram of a section of the 
photocatalytic reactor 10 of FIG. 1 showing details of the 
reaction zone. The reactor 10 is constructed with a porous 
Ti0 2 surface 18 having a metal catalyst 19 disposed thereon 
on a porous substrate 16. An oxidant, such as ozone gas, 
feeds through the porous substrate and finally through the 
porous H0 2 surface 18 where oxidation of organic contami- 
nants occurs in a three-phase reaction zone shown in FIG. 3. 

FIG. 3 is a schematic diagram of a single pore in the 
semiconductor membrane of the reactor of FIG. 1 being used 
in a three-phase system. At some distance within the pores 
of the porous Ti0 2 surface 18 and an optional catalyst 19, a 
gas region 60 diffuses into a fluid region 62 with a boundary 
layer 64 that contacts the Ti0 2 surface 18 at a three-phase 
interface 66. UV fight 68 joins the oxidant and organic 
contaminants at the interface 66 and accelerates photocata- 
lytic oxidation. Where the oxidant is ozone, excess ozone 
may diffuse into the fluid and can be photolyzed by the UV 
light if a UV lamp with a broad UV spectrum (including 
wave lengths lower than 300 run, preferably from 220 to 280 
nm) is used, thus generating additional OH" radicals for 
non-catalyzed oxidation of organic contaminants. 

FIG. 4 is a schematic diagram of a photocatalytic reactor 
panel 70 which combines solar UV light, oxidant, and a H0 2 
semiconductor membrane in either a two-phase or three- 
phase reaction zone to efficiently mineralize organics in 
water, such as process water, contaminated ground water, 
polishing water systems or potable water, or in air. The 
photocatalytic reactor panels (shown with sidewalls 
removed) have the form of solar panels to obtain UV light 
from the sun. An array of the panels can be positioned in 
series or parallel as desired to destroy organic contaminants. 
The photocatalytic reactor panel 70 has an impermeable 
bottom 72 of any suitable material and a permeable center 74 
which comprises a porous substrate material 76 that is 
coated on the top with a porous photocatalyst surface 78. 
The porous substrate material 76 and the porous photocata- 
lyst surface 78 may be produced by a method described in 
U.S. Pat. No. 5,137,607, column 3, line 58, to column 4, line 
55, which description is incorporated by reference herein. A 
UV transmission surface 80 covers the reactor and is posi- 
tioned to expose the porous photocatalyst surface 78 to 
sunlight. FIG. 4A is a schematic diagram of a partial 
cross-section of the reactor of FIG. 4 showing details of the 
reaction zone. The porous substrate material 76 is adjacent 
to an oxidant cell 90 having an oxidant inlet 92. The oxidant 
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cell 90 does not typically have a similar oxidant outlet since information from various system monitors including a liquid 

oxidants introduced into the oxidant cell 90 pass through the level indicator. 

porous substrate material 76 which forms a wall of the A cathode reservoir 160 holds deionized water and the 

oxidant cell 90. The oxidant is provided to the porous is ca(hode ^ wa[er which ^ from , he cathode ^ c 

phoiocatalyst surface 78 which is adjacent to a fluid oeU 94. 5 The ca , hode rcservoir also xrv( . s M , nqxsid . &as separator 

The flirt cell 94 has a fluid I inlet 96 and a flmd outlet 98. The wherejn £n ^ m ^ ^ Q 

fluid ee l 94 has a baffle 100 which directs a fluid through the . . r .. . A . . . , , t£f% 

panel from the fluid inlet 96 to the fluid outlet 98 and toward at lhe *P ° f * e A hydrogen oomcol valve 162 

The porous catalyst surface 78. controls ,he flow of hydrogen gases from the top of the 

^ . . r r . . . reservoir 160 in co-operation with various system monitors 

FIG. 5 is a schematic diagram of an arrav of the photo- in . , . . . n , - - . . . . . , 

. . , -~ /y*t^ a /j • 11 i . 10 including high/low liquid level indicators, 

catalytic reactor panels 70 of FIG. 4 connected in parallel to » e> t 

a portable oxidant source 110 and a groundwater treatment ^ anode reservoir 150 and the cathode reservoir 160 are 

system. The oxidant inlets 92 on an array of reactor panels connected to a source of deionized water (Dl) with tubing 

70 are preferably connected in parallel bv oxidant lines 108 lhat includes a firsl shul " oir valve 166 and a ***** shut -° ff 

to an oxidant source 110. The oxidant source is preferably an 15 valve 164 A drain loo P havin S a valve 170 and 

array of electrolytic cells which convert water to an oxygen a fourlh shutK)ff valve 172 bypasses the first and second 

stream having greater than about 10% by weight of ozone. shut -° ff valves 166 > 164 for flushin S or drainin S «■» 

The fluid inlets 96 on the array of reactor panels 70 are FIG - 7 * a schematic diagram of the ozone source 110 of 

connected in parallel by pipes 112 to a source of organic FIG 6 included in a self-controlled apparatus which oper- 

contaminant such as a storage tank 114. The organic con- 20 ates with sources of electricity and distilled water. The array 

taminant can be contaminated ground water, polishing water of electrolytic cells 140, the anode reservoir 150, and the 

systems collected from one or more extraction wells 120 by cathode reservoir 160 are combined in an ozone generator 

a pump 122. A filter system 124 and a pH adjustment tank w nicb is self-controlled by a system controller 200 over 

126 will typically be required for treatment of the ground- conlro1 lines 202 > a " h - ^ ozone generator 110 includes a 

water prior to oxidation of the contaminant. The fluid outlets 25 P^P* a refrigerant compressor and control valves that are 

98 on the array of reactor panels 70 are connected in parallel controlled by the system controller 200 which executes 

by pipes 128 to a storage tank 130 which holds treated water system control software stored in a memory 204. 

for re-injection or further treatment. The reactor panels 70 The ozone generator 110 further includes a power supply 

can be located at a remote site using mobile electronic unit 208 and a power converter 210 for converting AC 

equipment and power supplies 132. 30 current to DC current for operation of the array of electro- 

FIG. 6 is a schematic diagram of a self controlled ozone lytic cells 140. A condenser 212 and a compressor 214 are 

source 110 having electrolytic cells for producing ozone also included for operating the cooling coil 152 in the anode 

under pressure. The electrolytic cells are illustrated having reservoir 150. All components include analog assemblies 

an array of electrolytic cells (two shown) 140, separated by which are controlled by the system controller 200. The 

a bipolar plate 142, that are sandwiched between a positive 35 process steps discussed herein can be implemented using a 

end plate 144 and a negative end plate 146. Each of the computer program that runs on, for example, the system 

individual cells have an anode and anode flowfield A as well controller 200. Furthermore, all. electrical components are 

as a cathode and cathode flowfield C separated by a proton powered by the power supply unit 208 by power lines 216, 

exchange membrane 148 as described in U.S. Pat. No. x_z - 

5,460,705, which description is incorporated by reference 40 FIG. 8 is a schematic diagram of a packed bed photore- 

herein. The anode is preferably made from sintered porous actor. The generally planar photoreactor 300 has fluid cell 

titanium coated with lead dioxide and the cathode is pref- 302 bounded by a top UV transmissible wall 304 and a 

erably pressed carbon fibers or porous carbon having plati- bottom wall 306 and a plurality of dividers 308 therein. The 

num electroplated on both sides to act as an electrocatalyst bottom wall 306 may also be made from a UV transmissible 

for hydrogen evolution. Note that fluid flow is shown as 45 material. The photoreactor 300 is filled with photocatalyst 

passing through non-conductive cell walls 149 for coated particles 309. Both contaminant and oxidant can be 

simplicity, although fluids preferably pass through openings fed into the inlet 310 and exit through outlet 312. The 

in the end plates 144, 146, bipolar plates 142, and proton contaminant and oxidant are mixed before or upon entering 

exchange membranes 148 as described in the '705 patent. the photoreactor. The contaminant and oxidant may be 

Another ozone source that has shown good results is 50 mixed through a valve or they may mix as they enter the 

describe in pending application Ser. No. 08/829,604, which photoreactor. The packed-bed photoreactor 300 can be illu- 

description is incorporated by reference herein. minated by a UV light 314 individually or as shown in FIG. 

An anode reservoir 150 holds deionized water which is 9. The particles may include a metal catalyst 19 like that 

cooled by coils 152 and recirculated by a pump 154 through shown in FIG. 1A. Alternatively, contaminant can enter 

the anode cells A. The anode reservoir 150 serves as a 55 through inlet 310 and oxidant can enter through multiple 

liquid/gas separator wherein oxygen and ozone generated in inlets 311. With multiple oxidant inlets, oxidant may be 

the anode cells A diffuse from the deionized water in a stand delivered to the reactor at different times to avoid depletion 

pipe 156 and collect at the top of the reservoir 150. A small of the oxidant before complete mineralization of the organic 

hole 157 near the bottom of the stand pipe 156 allows the contaminant has taken place. 

water level to drop in the stand pipe 156 when the anode 60 FIG. 9 is a schematic diagram of an array photoreactors 

pump is off and the ozone generator is in a low flow idle in accordance with FIG. 8. The flow fields are not shown 

mode so that water will continue to circulate from the anodes with the photoreactors 300 only for the purpose of clarity in 

and the anode reservoir due to thermal convection. The me drawing. The photoreactors 300 are in a parallel arrange - 

small hole 157 does not interfere with flow of the water and ment such that a single UV light source or compartment 314 

gases up the stand pipe 156 during normal operation. An 65 can be used to illuminate two opposing photoreactors 300 

ozone pressure control valve 158 controls the flow of gases simultaneously. The fluids can be passed from one photo- 

from the top of the reservoir 150 in co-operation with reactor to the next or in parallel. Each photoreactor 300 can 
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be as thin as few millimeters, thus allowing for a very the photocatalyst coated particles and is mixed with the 

compact design. contaminated fluid, reaching the photocatalytic surfaces on 

FIG. 10 is a schematic diagram of a packed bed photo- the particles, where the contaminants are oxidized in the 

reactor 316 having a fluid cell 302 and an oxidant cell 318. presence of UV light. By keeping an appropriate pressure in 

The photorcactor 316 is similar to the one shown in FIG. 8, 5 the oxidant cell 318, the contaminant fluid does not pass into 

with the addition of an oxidant cell 318 adjacent to the fluid the oxidant cell 318. 

cell 302. There is a porous wall 320 separating the oxidant -n, m ■ - m — ^„:a^; ■ 

cell 318 from the fluid cell 302. The porous wail 320 can be ™ C mVenUOn ™ ^ ? for oxldlzm S organic 

j f r 7 , u . . contaminants in a fluid such as water or air, composing the 

made from a fine metal mesh or ceramic so that an oxidant , c a a . . . . . • . 

will controflably pass through the porous wall 320 and into M ^ of flowiD S a fluid , containing organic contaminants 

the fluid ceU 302 The fluid cell 302 may be packed with 10 over a P orous photocatalyst surface flowing oxidant (such 

photocatalyst coated particles 309, which react with the as oxygen, ozone or H 2 0^ through the porous photocatalyst 

contaminant when the UV light is applied and the oxidant surface mt0 the flowin S flujd > and exposing the photocata- 

contacts the photocatalyst surface on the particles. Ideally, ly»l surface to UV light. Preferably, the fluid flows through 

the pressure in the oxidant cell is regulated such that the a fluid cell adjacent the porous photocatalyst surface, the 

oxidant travels to the chamber containing the photocatalyst, 15 fluid cell comprising a UV transmission surface positioned 

mixing with the contaminated fluid, and reaching the pho- to expose the porous photocatalyst surface, a fluid inlet, and 

tocatalytic surface where the contaminants are oxidized in a fluid outlet. The oxidant flows through an oxidant cell 

the presence of UV light. By keeping a proper pressure in the adjacent the porous substrate material, the oxidant cell 

oxidant chamber, the contaminant fluid does not pass into comprising an oxidant inlet. 

the oxidant cell. 20 Semiconductor photocatalysis can be used to mineralize 
Alternatively, the porous interface 320 in FIG. 10 can maoy types 0 f org arjic compounds, such as aromatics, 
haveaphotocatalystononesideoftheporouswall320,such alkaneS) alkenes , alcohols, haloaromatics, haloalkanes, 
that the uncatalyzed surface of the porous wall faces to the haloalken es, haloalcohols, acids, polymers, surfactants, 
oxidant ceU and the photocatalytic surface faces to the fluid herbicideSf pes ticides, dyes and nitroaromatics. A process 
cell The fluid cell and the oxidant cell may each have 25 fof miDeralizing acid> and chloro-fluorocarbons 
dividers as described previously. Ideally, the pressure in the „ . ■ . • • • • , • » • 
oxidant cell is regulated such that the oxidant travels to the 0? ul " ol * heir hydrogen-containing subs ilutes) has not pre- 
photocatalyst surface where it reacts at the Ti0 2 surface in vlousl y b / en ^ own - 71,11 susceptibility of such a wide 
the presence of UV light and does not pass to the bulk fluid vanet y of compounds to treatment in accordance with the 
in the fluid cell. Likewise, the contaminant fluid does not , 0 P resent invention, makes photocatalytic degradation a par- 
pass into the oxidant cell. The photocatalyst may contain a ticu!arl y attractive process for air purification and wastewa- 
metal, metal oxide or metal alloy. ler trea tment. 

FIG. 11 is a schematic diagram of a stack of photoreactors During semiconductor photocatalysis, under illumination, 
similar to reactor 316 shown in FIG. 10. The photoreactors electrons (e") and holes (h + ) are generated in the space 
can be positioned in a parallel arrangement so that only a 35 charge region of the semiconductor. Under proper 
single UV source 314 (e.g. a row of UV lamps) is needed to conditions, the photo-excited electrons (in the conduction 
illuminate the photocatalytic surfaces in two photoreactors band (CB) of the semiconductor) and photo-excited holes (in 
316 at one time. As shown, a single oxidant cell 318 may be the valence band (VB) of the semiconductor) can be made 
used to provide oxidant for two fluid cells 302, 303. In this available for oxidation-reduction reactions. The photo- 
arrangement, a second porous wall 320a is required to 40 generated holes in the VB must be sufficiently positive to 
transmit the oxidant to the additional fluid cell 303. The carry out the oxidation of adsorbed OH' ions or H 2 0 
photocatalytic surface may be on particles or on a porous molecules to produce OH" radicals (the oxidative agents in 
substrate separating the oxidant cell from the fluid cell. the degradation of organic pollutants). The photogenerated 
Alternatively, each fluid cell may have its own oxidant cell electron usually reacts with oxygen or any other oxidant, 
with the oxidant chambers placed back to back and the fluid 45 The met al catalyst on the semiconductor surface, is believed 
chambers facing a common UV source. to enhance either or both the electron and hole transfer 

FIG. 12 is a schematic diagram of a packed bed photo- reactions, 
reactor similar to the reactor shown in FIG. 8. The packed One method and apparatus of the invention enables feed- 
bed photoreactor 316 has a fluid cell 302 and an oxidant cell ing the oxidant (e.g., 0 3 , H 2 0 2 , 0 2 or combinations thereof) 
318. The oxidant cell 318 is positioned adjacent to the fluid 50 through a porous substrate directly to the semiconductor/ 
cell 302 at one end and includes a porous wall 320 sepa- fluid/oxidant interface. This technique increases the concen- 
rating the oxidant cell 318 from the fluid cell 302. The tralion of oxidant at the reaction sites on the surface of the 
porous wall 320 can be made from metal mesh or ceramic photocatalyst, increasing the heterogeneous reaction rate by 
so that an oxidant will pass through the porous wall 320 and several orders of magnitude. In addition, the energy require- 
into the fluid cell 302. Oxidant enters the oxidant cell 318 55 ments for the reduction reaction in the photocatalyst system 
through inlet 322 and contaminant enters the fluid cell 302 can be decreased by the use of 0 3 or H 2 0 2 instead of only 
through inlet 324. The fluid cell 302 may be packed with 0 2 - Electrochemical ozone generation provides an oxygen/ 
hotocatalyst coated particles 309 (described previously), ozone stream that is highly concentrated with 0 3 , typically 
which react with the contaminant when the UV light is between about 10 and about 18 wt %, or greater, ozone, as 
applied and the oxidant contacts the photocatalyst surface on 60 lne reactant for the reduction reaction in the pholo- 
the particles. The photocatalyst may contain a metal, metal degradation of organic pollutants. 

oxide or metal alloy as discussed above. The position of the An additional apparatus and method of the invention 
oxidant cell 318 allows the illumination of the photocatalyst provides a packed-bed photoreactor in a generally flat con- 
material in 302 through the opposing faces of the photore- figuration to improve the contact time between the photo- 
actor 316. 65 catalyst and the contaminant as compared to annular reac- 
Ideally, the pressure in the oxidant cell 318 is regulated tors. One version of the photoreactor is typically filled with 
such that the oxidant travels to the fluid cell 302 containing photocatalyst supported on glass particles or silica gel. The 
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oxidant (e.g., oxygen, ozone or hydrogen peroxide) can be 
mixed with the contaminant fluid upon entering the photo- 
reactor and oxidant can be fed to the reactor in a constant 
stream to ensure that the oxidant level in the reactor remains 
high enough to promote complete mineralization of the 5 
contaminants. 

Ozone gas is preferably generated by an electrochemical 
method which offers both process and cost benefits. Elec- 
trochemical methods generate ozone by the electrolysis of 
water using a specially designed electrochemical cell. 30 
Sources of electrical power and water are the only require- 
ments for producing 0 3 electrochemically. The need for 
drying an oxygen gas stream is eliminated and there are no 
toxic by-products formed. The reactions occur by applying 
DC power between the anode and cathode which are placed 35 
on either side of a proton-exchange membrane (PEM), 
preferably made from a perfluorinated sulfonic acid (PFSA) 
polymer which displays a very high resistance to chemical 
attack. The use of a PEM instead of a liquid electrolyte offers 
several advantages: (i) fluid management is simplified and 
the potential for leakage of corrosive liquids is eliminated; 20 
and (ii) the PEM/anode interface provides a chemical envi- 
ronment which is well-suited to the electrochemical 0 3 
reaction. Water is fed to the anode side where water oxida- 
tion takes place through the thermodynamically favored 0 2 
evolution reaction, and the 0 3 formation reaction. 25 

Utilization of high overpotentials and certain electrode 
materials selectively enhance 0 3 formation at the expense of 
0 2 evolution. The water oxidation reactions yield protons 
and electrons which are recombined at the cathode. Elec- 
trons are conducted to the cathode via the external circuit. 30 
The cathodic reaction is the reduction of 0 2 , wherein air 
typically serves as the 0 2 source. 

Photo-degradation of DCB Using Ti0 2 Membranes and 
Different Oxidants 

The apparatus and method of the invention was used to 35 
study the kinetics of the photo-degradation of 1,4- 
dichlorobutane (DCB, a surrogate of the mustard gas war- 
fare agent). The photo-degradation was studied using the 
experimental photocatalytic reactor 10 with a porous Ti0 2 
membrane 18. The annular porous Ti0 2 membrane had a 
particle size of about 4-10 nm, 40-70% porosity, high 40 
surface area (about 145 m 2 /g), and 100-1000 nm Ti0 2 
thickness as fabricated by the sol-gel method of U.S. Pat. 
No. 5,137,607 and deposited on a porous alpha-alumina 
tube. 

Different oxidants (0 3 , 0 2 , and l^OJ were compared. 45 
Oxidants were introduced through the oxidant cell to the 
Ti0 2 /liquid interface. An inexpensive low energy UV lamp 
(330-420 nm, with maximum intensity at 370 nm) was used. 
The lamp energy was enough to create the electron-hole pair 
in Ti0 2 (the photo-excitation of Ti0 2 requires light with 50 
wavelengths shorter than 380 nm). The Ti0 2 /U V/0 3 system 
reduced the DCB concentration about ten times faster than 
Ti0 2 /UV/0 2 and about two times faster than Ti0 2 /UV/ 
H 2 0 2 . In addition, for the same treatment time, the DCB 
concentration remaining in solution was six times lower 55 
with the 0 3 treatment than with H 2 0 2 . Direct homogeneous 
degradation of DCB with 0 3 and H 2 0 2 , also occurred, but 
at much lower rates (6 to 10 times) than the heterogeneous 
reaction. Stripping of DCB was not significant with respect 
to the photo-degradation of DCB in the presence of 0 3 or 
H 2 0 2 . *" 60 

The disappearance of DCB in the presence of 0 2 showed 
poor performance, and it seems to be mainly affected by 
snipping, since the reaction rates in the presence of 0 2 and 
N 2 under UV illumination and dark conditions are about the 
same within the experimental error. DCB stripping was not 65 
substantially affected by increasing the pumping rate of the 
solution. On the other hand, a substantial enhancement of 
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the photo-degradation of DCB was obtained by increasing 
the convection or turbulence of the solution. This indicates 
that faster degradation of the contaminant can be achieved 
by using faster convection mechanisms. 

Based on these results, the rate of the photo-degradation 
of organic pollutants was increased by combining porous 
TiO^UV and 0 3 in a new reactor that increases the con- 
vection of the solution so that pollutants make better and 
faster contact with the photocatalytic surface. 
Groundwater Treatment 

Mineralization of organic contaminants in groundwater 
will occur in the system shown in FIGS. 4-7 which includes 
an array of photocatalytic reactor panels 70 having no 
moving parts and associated components including a self- 
controlled ozone generator 110. Pretreatment of the ground- 
water may occur continuously until holding tanks are filled. 
One or more ozone generators 110 preferably supply suffi- 
cient ozone during daylight hours to operate the photo- 
chemical reactor panels 70 since storage of ozone is not 
economical. The ozone generators 110 can be programmed 
to provide desired ozone production during daylight hours 
and remain idle during specific time periods and upon 
command. Operation of the photocatalytic reactor panels 70 
and other associated equipment will be readily understood 
by persons skilled in water treatment. 

Examples of contaminants that can be removed from 
water are acetone, chlorobenzene, cresols, formaldehyde, 
hydrazines, isopropanol, methyl ethyl ketone, naphthalene, 
phenol, toluene, trichloroethylene, PCBs, xylenes, haloge- 
nated solvents (dichloroethylene, trichloroethylene and 
tetrachlo methylene), xylene, benzene, cresol, chloroform, 
trichloroethane, bromodichloromethane, organophosphorus 
pesticides and herbicides (atrazine, alachlor, and bromacil), 
coliform bacteria and viruses, color removal, odor removal, 
COD and BOD reduction, and residues from explosives 
manufacture (TNT, RDX, MHX, nitroglycerine). The appa- 
ratus can also be used for photo-bleaching of colored Kraft 
lignin, destruction of chemical warfare agents such as mus- 
tard gas, and treatment of effluents from metal finishing 
processes such as cyanide and EDTA. 

While the foregoing is directed to the preferred embodi- 
ment of the present invention, other and further embodi- 
ments of the invention may be devised without departing 
from the basic scope thereof, and the scope thereof is 
determined by the claims which follow. 

What is claimed is: 

1. An apparatus for oxidizing organic contaminants, com- 
prising: 

a substrate having a photocatalytic surface; 

a fluid cell in communication with the photocatalytic 
surface of the substrate, the fluid cell comprising two 
opposing ultraviolet transmission surfaces positioned 
to expose the photocatalytic surface to ultraviolet light, 
a fluid inlet, and a fluid outlet, wherein the fluid cell is 
generally flat; 

at least one oxidant cell adjacent to at least one side of the 
fluid cell, the oxidant cell comprising an oxidant inlet; 

a porous wall separating the oxidant cell from the fluid 
cell, wherein an oxidant flows through the porous wall; 
and 

an ultraviolet light source adjacent to the ultraviolet 
transmission surfaces. 

2. The apparatus of claim 1, wherein the porous photo- 
catalyst surface is a porous titanium dioxide surface. 

3. The apparatus of claim 1, wherein the porous photo- 
catalyst surface is a porous titanium dioxide based binary 
oxide surface. 

4. The apparatus of claim 1, wherein the substrate com- 
prises a photocatalyst supported on a plurality of particles. 

5. The apparatus of claim 4, wherein the particles are 
made of glass, silica gel, silica beads, ceramics, metals or 
fiberglass. 
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6. The apparatus of claim 3, wherein the titanium dioxide 
based binary oxide is selected from Ti0-,/Si0 2 , Ti0 2 /ZrO„ 
Ti0 2 /Sn0 2 , Ti0 2 /W0 3> Ti0 2 /Mo0 3 , and mixtures thereof. 

7. The apparatus of claim 1, wherein the fluid cell further 
comprises a flow field divider for directing the flow of a 
contaminant fluid in contact with the photocatalyst surface. 

8. The apparatus of claim 1, wherein the fluid cell further 
comprises a plurality of serpentine dividers positioned in 
parallel. 

9. The apparatus of claim 1, further comprising a plurality 
of fluid cells positioned in parallel, wherein the ultraviolet 
light source is positioned between each fluid cell. 

10. The apparatus of claim 1, wherein the oxidant inlet is 
in fluid communication with the oxidant cell. 

11. The apparatus of claim 1, wherein the porous wall is 
made from material selected from metal mesh or ceramics. 

12. The apparatus of claim 1, further comprising an 
oxidant source connected to the oxidant inlet, and an organic 
contaminant source connected to the fluid inlet. 

13. The apparatus of claim 12, wherein the oxidant is 
selected from oxygen, ozone, hydrogen peroxide, or com- 
binations thereof. 

14. The apparatus of claim 12, wherein the oxidant source 
comprises an electrolytic cell which generates an oxygen 
stream comprising greater than about 10% by weight of 
ozone. 

15. The apparatus of claim 1, wherein the ultra violet 
source exposes the photocatalytic surface to ultraviolet light. 

16. The apparatus of claim 15, wherein the ultraviolet 
source is solar light. 

17. The apparatus of claim 15, wherein the ultraviolet 
source is an ultraviolet lamp. 

18. The apparatus of claim 15, wherein the ultraviolet 
source is an ultraviolet lamp which includes the ultraviolet 
wavelength range of 200-400 am. 

19. The apparatus of claim 1, farther comprising a metal 
catalyst disposed in the photocatalyst. 

20. The apparatus of claim 19, wherein the metal catalyst 
is selected from is selected from Pt group metals, Au group 
metals, Ir, Ru, Sn, Os, Mo, Zr, Nb, Rh, Ag, Pd, Cu and 
mixtures thereof. 

21. The apparatus of claim 19, wherein the photocatalyst 
comprises between about 0.01 wt % and about 5 wt % metal 
catalyst. 

22. The apparatus of claim 19, wherein the metal catalyst 
is selected from platinum group metal oxides, gold group 
metal oxides, tin oxides, tungsten oxides, iridium oxides, 
rhodium oxides, ruthenium oxides and mixtures thereof. 

23. The apparatus, of claim 1, wherein the apparatus is a 
reactor, further comprising a plurality of reactors. 

24. The apparatus of claim 23, wherein the reactors are 
positioned in parallel so that the ultraviolet transmission 
surfaces of one reactor face the ultraviolet transmission 
surfaces of adjacent reactors. 

25. The apparatus of claim 1, wherein the flow of the 
oxidant through the porous wall is controlled by regulating 
the pressure differential between the fluid cell and the 
oxidant cell. 

26. A process for oxidizing organic contaminants, com- 
prising the steps of: 

providing a fluid containing the organic contaminants 
over a substrate having a photocatalytic surface, 
wherein the photocatalytic surface is in communication 
with a fluid cell, the fluid cell comprising two opposing 
ultraviolet transmission surfaces; 

providing an oxidant to an oxidant cell, wherein the 
oxidant cell is separated from the fluid cell by a porous 
wall and wherein the oxidant cell comprises an oxidant 
inlet; 

providing a pressure differential between the oxidant cell 
and the fluid cell, wherein the pressure differential 
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forces the oxidant to flow through the porous wall into 
contact with the photocatalytic surface; and 
directing ultraviolet light onto the photocatalyst. 

27. The process of claim 26, wherein the porous photo- 
catalyst surface is a porous titanium dioxide surface. 

28. The process of claim 26, wherein the porous photo- 
catalyst surface is a porous titanium dioxide based binary 
oxide surface. 

29. The process of claim 28, wherein the titanium dioxide 
based binary oxide is selected from Ti0 2 /Si0 2 , Ti0 2 /Zr0 2 , 
Ti0 2 /Sn0 2 , Ti0 2 /W0 3 , Ti0 2 /Mo0 3 , and mixtures thereof. 

30. The process of claim 26, wherein the substrate com- 
prises a photocatalyst supported on a plurality of particles. 

31. The process of claim 30, wherein the particles are 
made of glass, silica gel, silica beads, ceramics, metals or 
fiberglass. 

32. The process of claim 26, wherein the fluid cell further 
comprises a flow field divider for directing the flow of a 
contaminant fluid in contact with the photocatalyst surface. 

33. The process of claim 26, wherein the fluid cell further 
comprises a plurality of serpentine dividers positioned in 
parallel. 

34. The process of claim 26, further comprising a plurality 
of fluid cells positioned in parallel, wherein the ultraviolet 
light source is positioned between each fluid cell. 

35. The process of claim 26, wherein the oxidant inlet is 
in fluid communication with the oxidant cell. 

36. The process of claim 26, wherein the porous wall is 
made from material selected from metal mesh or ceramics. 

37. The process of claim 26, further comprising an 
oxidant source connected to the oxidant inlet, and an organic 
contaminant source connected to the fluid inlet. 

38. The process of claim 37, wherein the oxidant is 
selected from oxygen, ozone, hydrogen peroxide, or com- 
binations thereof. 

39. The process of claim 37, wherein the oxidant source 
comprises an electrolytic cell which generates an oxygen 
stream comprising greater than about 10% by weight of 
ozone. 

40. The process of claim 26, wherein the ultraviolet 
source exposes the photocatalytic surface to ultraviolet light. 

41. The process of claim 40, wherein the ultraviolet 
source is solar light. 

42. The process of claim 40, wherein the ultraviolet 
source is an ultraviolet lamp. 

43. The process of claim 40, wherein the ultraviolet 
source is an ultraviolet lamp which includes the ultraviolet 
wavelength range of 200-400 nm. 

44. The process of claim 26, further comprising a metal 
catalyst disposed in the photocatalyst. 

45. The process of claim 44, wherein the metal catalyst is 
selected from is selected from Pt group metals, Au group 
metals, Ir, Ru, Sn, Os, Mo, Zr, Nb, Rh, Ag, Pd, Cu and 
mixtures thereof. 

46. The process of claim 44, wherein the photocatalyst 
comprises between about 0.01 wt % and about 5 wt % metal 
catalyst. 

47. The process of claim 44, wherein the metal catalyst is 
selected from platinum group metal oxides, gold group 
metal oxides, tin oxides, tungsten oxides, iridium oxides, 
rhodium oxides, ruthenium oxides and mixtures thereof. 

48. The process of claim 26, wherein the apparatus is a 
reactor, further comprising a plurality of reactors. 

49. The process of claim 48, wherein the reactors are 
positioned in parallel so that the ultraviolet transmission 
surfaces of one reactor face the ultraviolet transmission 
surfaces of adjacent reactors. 

50. The process of claim 48, wherein the fluid flows to the 
reactors in a manner selected from in series, in parallel, or 
in combination thereof. 
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